Competitors are known to be important in governing the outcome of evolutionary diversification during an adaptive radiation, but the precise mechanisms by which they exert their effects remain elusive. Using the model adaptive radiation of Pseudomonas fluorescens, we show experimentally that the effect of competition on diversification of a focal lineage depends on both the strength of competition and the ability of the competitors to diversify. We provide evidence that the extent of diversification in the absence of interspecific competitors depends on the strength of resource competition. We also show that the presence of competitors can actually increase diversity by increasing interspecific resource competition. Competitors that themselves are able to diversify prevent diversification of the focal lineage by removing otherwise available ecological opportunities. These results suggest that the progress of an adaptive radiation depends ultimately on the strength of resource competition, an effect that can be exaggerated or impeded by the presence of competitors.
Introduction
The diversity of life is thought to have arisen, in part, through repeated adaptive radiations, the rapid diversification of a single lineage into an array of ecologically and phenotypically distinct species [1, 2] . Competition is commonly cited as an important driver of diversification, especially when individuals share very similar resource requirements or niches and a wide range of under-used resources (ecological opportunities) are available in the environment [3] [4] [5] . However, competition can also prevent diversification if competitors use substantially different resources or sets of resources, thereby eliminating ecological opportunity. The effects of competitors on diversification during an adaptive radiation should thus depend on the extent to which their niches overlap: closely overlapping niches generate intense competition promoting diversification, whereas competitors with very different niches can impede diversification.
The idea that competitors can have manifold, and even opposing, effects on diversification has received little attention. The traditional dichotomy is that competition between close relatives (often intraspecific competition) drives divergence via character displacement, whereas competition from other taxa (interspecific competition) inhibits divergence via niche pre-emption [2, 4, 6] . However, this distinction is somewhat artificial as it fails to capture the idea that the essential differences are in the degree of niche overlap. In addition, the bulk of existing theory focuses on the conditions required to maintain diversity but not its origin. We thus know much about, for example, limiting similarity-the minimum niche differences required for two types to coexist [7, 8] -but we know much less about the details of the mechanisms that drove the evolution of those niche differences in the first place. Consequently, understanding the multiple ways in which competition influences adaptation and diversification remains understudied.
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Experimental work has shown that intraspecific competition can promote phenotypic divergence [9] [10] [11] and expanded resource use [12] [13] [14] by a population. Likewise, resource competition is often cited as an important driver of lineage diversification in microbial experiments [15] although this is more often because other potential mechanisms promoting diversification, such as predation or parasites, are excluded by design. However, direct manipulative tests linking resource competition to lineage diversification are lacking. There is stronger experimental evidence that competitors prevent diversification through niche pre-emption. Two microbial experiments, both involving the adaptive radiation of Pseudomonas fluorescens in static microcosms, have shown that niche pre-emption can prevent diversification of the ancestral strain [16, 17] . Abundant comparative evidence has implicated interspecific competition in preventing diversification [18] [19] [20] [21] [22] , and niche expansion [23, 24] during a radiation as well.
These results thus suggest that there is a continuum of effects that competitors can have on the diversification of a focal strain. At one end, individuals of the same or very similar genotype will tend to be ecologically similar [7, 25] (although very similar genotypes can also display markedly different niche preferences [26] ) and so will probably compete directly and intensely for resources [27, 28] , generating disruptive selection leading to diversification when ecological opportunities are available. The strength of competition under these conditions is determined by the degree of niche overlap, realized as the per capita effect of a competitor on an individual (i.e. competition coefficient [29] ), and the number of individuals exerting that effect (i.e. population density). Thus, for a given competition coefficient, species or genotypes with lower population densities experience weaker resource competition, and so are expected to diversify to a lesser extent compared with those with high-density populations. At the other end are genetically and ecologically divergent genotypes, or even different species, whose resource use profiles are so distinct that they effectively do not compete with the focal strain for resources. Rather, they occupy what would (in their absence) be available niche space and so prevent diversification of the focal lineage. In between these two extremes, it is at least conceivable that a competitor can impact diversification through both mechanisms. Indeed, results from a recent experiment show that evolutionary diversification of P. fluorescens occurs more rapidly in the presence of an interspecific competitorPseudomonas putida, and the authors suggest that this probably occurs because of increased competition for resources [30] .
Here, we examine the effects of competitors on diversification using the model adaptive radiation of P. fluorescens SBW25 (hereafter, SBW25) cultured in spatially structured static microcosms. Previous work has shown that frequency-dependent selection is operating in this system [15] and this observation is highly suggestive that intraspecific competition for resources drives the resulting diversification. Our study is aimed at explicitly testing this mechanism and exploring in detail the potentially opposing effects of competition on adaptive diversification. Our strategy is to follow the rate and extent of diversification of SBW25 when it is co-cultured alongside competitors that vary in the strength of competition and in their ability to diversify. This approach allows us to disentangle experimentally the diversification-promoting effects of resource competition from the diversification-preventing effects of niche pre-emption, the two most common modes by which intraand interspecific competitors, respectively, are thought to exert their effects on a radiating lineage.
We first ask how variation in the strength of intraspecific resource competition impacts diversification. In the absence of interspecific competitors, diversification is expected to occur only when resource competition is sufficiently strong to generate disruptive selection in the presence of abundant ecological opportunity. We test this prediction, manipulating the strength of resource competition experienced by a radiating lineage, by manipulating population density. While the effect of changes in population density driven by changes in the environment on the evolution of diversity in this system has been previously documented (e.g. nutrient concentrations [31] , predation [32] ), here we take a complementary approach holding environment constant and manipulating population density via genetic differences.
We then ask how competing genotypes (analogous to interspecific competitors), which differ both in their competitive fitness and in their ability to diversify, impact diversification in SBW25. While strong interspecific competitors are expected to out-compete a radiating lineage before the latter has diversified, weaker competitors may either have no effect or promote diversification by increasing the strength of resource competition experienced by the radiating lineage. However, if those competitors also exclude SBW25 from potential niches (i.e. niche pre-emption), their presence is expected to suppress the evolution of diversity in SBW25. Our use of diversifying and non-diversifying competitors allows us to test this idea directly.
Material and methods (a) The Pseudomonas fluorescens radiation
On its own, SBW25 diversifies rapidly and repeatably into characteristic niche specialist morphotypes-smooth (SM), wrinkly spreader (WS) and fuzzy spreader (FS) [15] -resulting from competition for nutrients and oxygen [33, 34] . These morphotypes are genetically distinct [15, 35] and are easily distinguishable on agar plates and use distinct ecological strategies for acquiring oxygen in static microcosms: motile SM morphotypes are aerotactic and swim towards the air -broth interface; WS morphotypes construct a cellulose-based biofilm at the air -broth interface [36] and FS morphotypes form thin rafts at the air -broth interface that quickly collapse under their own weight and collect in the anoxic zone at the bottom of the microcosm [37] . Diversity among the major morphs is stably maintained by negative frequency-dependent selection [15] ; and within each morphotype class, there are often additional phenotypically distinct colony morphs. Note that P. fluorescens is strictly asexual under our experimental conditions, meaning that all genotypes-whether arising de novo through mutation or introduced by design as part of the experiment-are evolutionarily independent lineages that are formally equivalent to species in a sexual system [15] .
(b) Fitness measures
We measured the relative fitness of any given strain compared with SBW25 with head-to-head competition experiments. Strains were inoculated as pure cultures from frozen for 24 h in 6 ml shaken King's B (KB) medium (288C, 150 r.p.m.). Then, 6 ml KB static microcosms were inoculated with 30 ml each of the rspb.royalsocietypublishing.org Proc R Soc B 280: 20131253 focal strain and SBW25 and their frequencies estimated at 0 and 24 h by plating on KB agar. We calculated the relative fitness of each strain using the following equation:
where F initial and F final are the initial and final frequencies of the strain of interest, f initial and f final are the initial and final frequencies of SBW25 and d is the number of generations or doublings.
(c) Diversification dynamics
We tracked diversification over 7 days after inoculating replicate, static microcosms with a total 60 ml of culture containing 6 ml of KB at 288C (as in [15] ). We destructively sampled three replicate microcosms every 12 h for 5 days, then once a day for another 2 days. Evolved diversity was estimated by plating on KB agar and noting the morphology of between 50 and 200 colonies. Diversity was measured as morphotype richness, the number of morphologically distinct types. When diversity is estimated using Simpson's index, which takes into account relative abundances in addition to richness, similar patterns over time and across treatments were observed; we report only richness estimates here. To prevent potential biases arising from differences in the number of colonies counted per sample, we exclude any morphotypes making up less than 2 per cent (or one in 50 colonies) of the population from our diversity estimates. The diversification dynamics of the strain of interest in each experiment were summarized by fitting the following modified logistic equation to diversity over time:
for t , t lag ; NðtÞ ¼ 1
; ð2:2Þ
where N(t) is diversity at time t, t lag is the time until diversification begins to occur, r is the rate of diversification, k is the extent of evolved diversity. Using these parameter estimates, we took the value of t when N(t) ¼ 0.99k as an estimate of time until maximum diversity is reached, and k as an estimate of the extent of diversification. All model fitting and statistical analyses were performed using R v. 2.13.1 [38] .
(d) Intraspecific competition
To examine the effect of varying the strength of intraspecific resource competition on diversification, we allowed genetically distinct strains of SBW25 carrying costly antibiotic resistance mutations (see the electronic supplementary material, table S1) to diversify in static KB microcosms. The rationale behind this manipulation of intraspecific resource competition comes from the simple logistic model describing density-dependent population growth [29] ,
where N is the population density, t is time, r is the intrinsic growth rate and K is the carrying capacity. The genetically distinct strains used in this experiment do not differ in their carrying capacity (K in equation (2.3)) when grown in static KB microcosms (see final densities in the electronic supplementary material, figure S1 ) and so do not differ in their per capita interaction strength (1/K). However, the strains do differ in their intrinsic growth rate (r) and so differ in their population densities until carrying capacity is reached after 2-6 days (see the electronic supplementary material, figure S1 ). Those differences in density generate differences in the overall strength of competition (or the degree to which growth rate is slowed owing to density dependence) experienced by individuals of each strain during the first 2-6 days-the same time period over which adaptive diversification tends to occur in this system [15] . Thus, otherwise isogenic strains that have lower intrinsic growth rates and so lower initial population densities experience weaker resource competition. Strains resistant to the quinolone antibiotic nalidixic acid were originally generated using a conventional fluctuation assay [39] to minimize the number of genetic differences from SBW25. Resistance results from mutations in genes not known to affect SBW25 diversification (gyrases: gyrA, gyrB; topoisomerases: parC, parE; efflux pump regulation: nfxB, mexR). Population density after 24 h and fitness measured in head-to-head competitions (as described earlier) are well correlated in our strains (see the electronic supplementary material, figure S2) ; we report competitive fitness measures here to facilitate comparison with our other experiments. An examination of our fitness estimates for these eight strains showed that four strains fell into a 'low-fitness' group (mean fitness + s.e.: 0.694 + 0.012), and the other four strains fell into a 'high-fitness' group (mean fitness + s.e.: 0.971 + 0.010). Within these groups, we were unable to detect significant differences in fitness, despite each strain having a unique genotype. For this reason, we test for an effect of fitness on the extent of evolved diversity and time until maximum diversity is reached in a categorical manner, grouping the strains appropriately and using two-sample t-tests.
(e) Interspecific competition
To examine the combined effects of resource competition and niche pre-emption on diversification, we tracked the dynamics of SBW25 diversification in the presence of competitor strains that varied in both their propensity to diversify and their fitness relative to SBW25. We use relative fitness of the competitor strain as a measure of relative strength of interspecific competition against SBW25 as competitor strains with a high relative fitness will grow more quickly, resulting in a higher density and so greater total competitive strength compared with competitor strains with low relative fitness. Six strains were evolved derivatives of SBW25 capable of diversifying into the same range of niche specialists as SBW25 (DIVþ: strains A-F), while four were evolved from PBR716 [40] , an SBW25 deletion strain that lacks the key operons involved in adaptation to the air-broth interface making it severely compromised in its ability to diversify in static microcosms (DIV2: strains 1-4). DIV2 strains thus exert their effects on the focal strain through resource competition while DIVþ strains compete via resource competition and niche preemption. All competitor strains are morphologically SM. Fitness relative to SBW25 ranged from 0.71 (weak competitors) to 1.22 (strong competitors). The four low-fitness DIVþ competitors were isolates from P. fluorescens SBW25 : lacZþ populations evolved for approximately 1000 generations in 2 ml shaken M9 salts media plus either glucose, mannose, xlyose or all three sugars (from [41] ). The two high-fitness DIVþ competitors were isolates from P. fluorescens SBW25 : lacZþpopulations evolved in 6 ml static KB for 8 days (from [42] ). The four DIV2 competitors were isolates evolved from P. fluorescens PBR716 in static microcosms containing 6 ml KB, transferred to fresh microcosms every day for 2-6 days. See the electronic supplementary material, table S1 for further details about the strains used. All competitor strains contain a neutral genetic marker enabling us to distinguish them from SBW25 [43] .
The experiment was initiated with 30 ml of the focal SBW25 strain and 30 ml of a competitor strain. For logistical reasons, this experiment was run in four blocks (block 1: SBW25 þ strain A, SBW25 þ strain B; block 2: SBW25 þ strain C, SBW25 þ strain D; block 3: SBW25 þ strain E, SBW25 þ strain F; block 4: SBW25 : lacZ þ strain 1, SBW25 : lacZ þ strain 2, SBW25 : lacZ þ strain 3, SBW25 : lacZ þ strain 4). Each block included a rspb.royalsocietypublishing.org Proc R Soc B 280: 20131253 replicated control treatment-SBW25 evolving in the absence of any competitor strain. As in the intraspecific experiment, we destructively sampled three replicate microcosms every 12 h for 5 days, then once a day for another 2 days. To quantify diversity over time, we again aimed to classify and count at least 50 plated colonies per strain (i.e. both SBW25 and the competitor) per sample; however, this was not always possible for some replicates of the two weakest competitor strains treatments after day 5, as they were essentially out-competed.
Diversification dynamics were summarized for both the focal strain and the competitor strain in each treatment by fitting equation (2.2). Parameter estimates for the focal strain were then adjusted by estimates from the appropriate competitor-absent control in order to remove any potential block effects. The adjusted extent of diversity and time until maximum diversity is reached were then compared across competitor fitness and competitor diversification potential (DIV2/DIVþ) using ANOVAs.
(f ) Density -diversity relationships
To investigate the role played by resource competition stemming from interspecific competition on diversification, we regressed SBW25 density on diversity in the presence and absence of DIVþ and DIV2 competitors. To control for block effects and to account for temporal autocorrelation in the data, we first subtracted the density and diversity, respectively, of SBW25 diversifying on its own from the comparable value when it diversified in the presence of a competitor. The resulting data thus represent the marginal increase (or decrease) in density and diversity caused by the presence of a competitor at a given time point. The SBW25 density -diversity relationship was tested using an ANOVA with adjusted diversity as the dependent variable and adjusted density, competitor treatment (no competitors/DIV2/DIVþ), and their interaction as independent variables, nesting strain within competitor treatment. Adjusted density data were log-transformed before analysis to meet model assumptions.
(g) Carbon-niche similarity
Although the strains used in this study differ in their competitive fitness, they are all morphologically and ecologically identical to the ancestral SBW25, that is, they have SM colony morphologies and grow in the broth phase of the static microcosms. We attempted to further characterize the niche of each strain by measuring its carbon metabolism profile using BIOLOG GN2 plates. BIOLOG GN2 plates are 96-well microwell plates containing 95 different carbon sources plus a carbon-absent control well. Each strain was grown-up overnight from frozen in vials containing 6 ml KB media (288C, shaken at 150 r.p.m.), starved for 2 h (20 ml of each culture in 20 ml M9 minimal salts at 288C, 150 r.p.m.) and then 150 ml was transferred into each well of the BIOLOG plates. Optical density (OD) (at 660 nm) was measured at the time of inoculation and after 24 h of growth, and growth on each carbon substrate was calculated as r ¼ ln(OD initial )2ln(OD final ). These growth rates then were adjusted by subtracting the maximum growth rate estimate obtained from all the control wells. Growth rate data were then converted into binary 'growth'/'no-growth' data by setting all positive growth estimates to 1 and all zero or negative growth estimates to 0. Niche similarity with SBW25 was calculated as the percentage of a focal strain's 'growth'/'no-growth' niche profile that is identical to that of SBW25. Niche similarity was then compared across strain fitness and between DIVþ and DIV2 groups to look for any potentially confounding effects. Data from this study were deposited in the Dyrad repository [44] .
Results (a) Intraspecific competition
We found a clear effect of population density, and so strength of resource competition, on diversification (figure 1a,b) with low-fitness strains (light grey) diversifying less than high-fitness strains (dark grey). Specifically, the extent of diversity (estimated using a modified logistic model) increases significantly with fitness (two-sample t-test, t 6 ¼ 5.31, p ¼ 0.002; figure 1b) as expected. Time to maximum diversity showed no relationship with fitness (two-sample t-test, t 6 ¼ 0.0613, p ¼ 0.953; see the electronic supplementary material, table S2 for parameter estimates).
(b) Interspecific competition
We found a striking difference in the effect of DIVþ and DIV2 competitors on the rate and extent of SBW25 diversification. Inspection of figure 2a,b reveals that strong DIVþ competitors (dark grey lines) almost completely prevent SBW25 diversification, as expected, but strong DIV2 competitors do not. More quantitatively, DIVþ strains slow the rate of SBW25 (c) Density-diversity relationship rspb.royalsocietypublishing.org Proc R Soc B 280: 20131253 (DIVþ) competitors than when competitors are absent altogether, a result confirmed both by a marginally significant effect of competitor type (F 2,12 ¼ 3.691, p ¼ 0.05631) and a significant interaction between adjusted density and competitor type (F 2,12 ¼ 7.631, p ¼ 0.00727). Over the range of densities where SBW25 experiences antagonistic effects (adjusted log(density) , 0), the effect of adding competitors is to increase SBW25 diversity when the competitors are unable to diversify (DIV2 competitors) and to lower it when they can (DIVþ competitors). This result provides direct support for the idea that weak, non-diversifying competitors increase the effective amount of resource competition experienced by the radiating lineage. Weak diversifying competitors, on the other hand, act to impede diversification of SBW25 by radiating to occupy what would otherwise be available niche space.
(d) Carbon-niche similarity
There is no evidence of any relationship between competitor strain fitness and carbon-niche similarity with SBW25 (see the electronic supplementary material, figure S3; linear regression: p ¼ 0.702). In addition, there is no relationship between competitor carbon-niche overlap with SBW25 and evolved diversity in SBW25 (see the electronic supplementary material, figure S4 ; linear regression: p ¼ 0.9779).
Discussion
We have investigated the effects of different kinds of competition on the rate and extent of diversification in a model adaptive radiation. Briefly, our main results are: (i) the extent of diversification is directly, positively related to the strength of intraspecific resource competition; (ii) interspecific competitors can prevent diversification through niche preemption or, if they are particularly strong competitors, through resource competition; (iii) weak interspecific competitors can, counterintuitively, promote diversification by increasing resource competition. We discuss each of these results in turn later.
(a) Intraspecific competition
We found that the extent, but not the rate, of diversification increases significantly with the strength of intraspecific resource competition. More specifically, a cost of adaptation caused by the presence of antibiotic resistance mutations kept population densities low enough to prevent substantial diversification. Evidently, there is some threshold level of population density that must be reached for the pronounced and rapid diversification characteristic of other experiments with the P. fluorescens system to proceed. To the extent that this model system represents a good guide to adaptive radiations in the 'real' world, it suggests that simply gaining access to novel ecological opportunities is not by itself sufficient to drive diversification. Population densities must also be high enough to generate strong resource competition capable of generating disruptive selection. This result is somewhat different from that observed in the previous experiments with this system where the presence of predators that reduce population densities, and so the strength of resource competition, slowed the emergence of diversity but did not change the extent of diversification [32] . Predation has been shown to promote the emergence of WS morphs that gain protection from predation by virtue of being part of the biofilm [32, 45] , suggesting that the high levels of diversity observed under predation are owing to a fortuitous alignment of selective forces where both predation-resistance and resource competition favour biofilm formation. Without the additional selective advantage of predation-resistance driving diversification, in our experiment diversity differences between the strong and weak competition treatments emerge early on and are then maintained throughout the course of the experiment.
An alternative explanation for our results is that the resistance mutations themselves have unknown pleiotropic effects that in some way compromise diversification independently extent of evolved competitor diversity adjusted extent of SBW25 diversity of their effects on resource competition. This explanation seems unlikely because, as we noted earlier, none of the mutations conferring resistance occur in genes known to be involved in diversification into the broad niche classes in this system (SM, WS and FS). Two of the naladixic acid-resistant strains we used do have large multi-gene deletions that might be expected to have wide reaching effects; however, removal of those two strains from the analysis did not qualitatively change our results. Furthermore, all resistant strains diversified into the three available broad niche specialist classes; differences in diversity arise from differences in the number of types that evolve within the broad niche classes. We were also unable to detect any significant differences between these strains in their carbon-niche profiles (see the electronic supplementary material, figure S5 ). Thus, there appears to be no reason to expect potential pleiotropic effects to vary systematically across fitness and/or diversification potential in a way that would confound our results.
(b) Interspecific competition
Our co-culture experiments show clearly that the dynamics of diversification can be modulated by the strength of interspecific competition. Strong competitors can prevent diversification through a combination of niche pre-emption and competitive exclusion. Weak competitors, surprisingly, can actually promote diversification, presumably because competitor density is sufficiently high in the initial phases of the radiation to increase the strength of resource competition experienced by the radiating lineage but not so high that they themselves diversify. Direct evidence for both niche pre-emption and resource competition as significant mechanisms modulating the outcome of competition during the radiation comes from a regression of the extent of competitor diversity on SBW25 diversity. The slope of this regression is negative for DIVþ competitors but not for DIV2 competitors, consistent with the idea that competitor diversification leads to niche pre-emption and prevents SBW25 diversification (figure 4a). This result is also consistent with that seen in other experiments with this system, where niche pre-emption has been directly manipulated [16, 17] and cannot be explained by pre-existing differences in metabolic niche space, as the competitors and SBW25 do not differ in carbon-use profiles (t-test, p ¼ 0.1604). Our results thus lend further support to the idea that interspecific competitors can prevent diversification of a focal lineage by removing or reducing the extent of ecological opportunity through niche pre-emption. Note also that strong, non-diversifying competitors also prevented diversification but, because they were unable to radiate themselves, they necessarily did so through direct resource competition that resulted in the competitive exclusion of SBW25. Taken together, these results provide direct evidence that interspecific competitors can prevent diversification through niche preemption, and at its extreme this leads to competitive exclusion.
In general, it is competition for resources that drives the adaptive radiation of SBW25 in this system, and the positive relationship seen between density and diversity in figure 4b supports this. While the presence of interspecific competitors modifies the details of this relationship, it is always the case that a higher density SBW25 population results in increased SBW25 diversity. However, the marginal effect of an increase in SBW25 density on diversity is larger in the presence of non-diversifying (DIV2) competitors, and smaller in the presence of diversifying (DIVþ) competitors, than when competitors are absent altogether. This result suggests that nondiversifying competitors tend to increase the effective amount of resource competition experienced by the radiating lineage, whereas diversifying competitors tend to impede the radiation through niche pre-emption. Interestingly, the additional diversity that arises in the presence of weak interspecific competitors is not due to the occurrence of unusual or rare morphotypes but rather is associated with more types within the SM and WS broad niche classes. As mentioned earlier, these results cannot be explained by pre-existing differences in carbon use, as there is no relationship between competitors strain carbon use and competitor strain fitness, and no relationship between competitor strain carbon use and evolved SBW25 diversity.
(c) Summary
We have provided direct evidence that the extent of diversification under intraspecific competition is determined by the strength of resource competition. Interspecific competitors, by contrast, can either increase the strength of resource competition experienced by a radiating lineage, promoting diversification or remove ecological opportunities available to it, and so prevent diversification. Which of these two outcomes will be realized in any 'real' radiation will thus depend on both the strength of the competitor itself as well as its propensity to diversify. In our study, 'propensity to diversify' was a constructed genetic property particular to our experimental design; however in nature, we expect differences in species' underlying genetic architecture to cause populations to vary in their propensity to diversify in any given environment [40] .
An incipiently radiating lineage that gains access to novel ecological opportunities in the presence of a weak competitor, or a competitor that is incapable of diversifying rapidly, will find little obstacle to diversification and may even diversify more extensively than it would in the absence of the competitor. It is possible that additional diversity driven by the presence of weak competitors contributes to the 'overshooting' pattern observed in some extant radiations [46] , with diversity peaking and then dropping again as those competitors are eventually lost. The extra diversity that comes through the presence of a weak competitor also constitutes an example of how the presence of one type can cause diversification in another, an example of 'diversity begetting diversity' [47, 48] . By contrast, the presence of a strong competitor that is itself capable of diversifying, or one that has already diversified [16, 17] , will prevent diversification in the focal lineage. These results also bear on the issue of the evolutionary fate of invasive species outside their native range: an exotic species that colonizes a novel environment which lacks the usual suite of competitors, or is itself a stronger competitor against existing native species, should be expected to diversify. As a whole, our study underlines the complexities of competition's important role in the evolution of diversity and helps to focus our understanding of the ways in which competition may be at work in other systems.
